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ABSTRACT

Author: Douglawi, Alber. MSAAE
Institution: Purdue University
Degree Received: August 2018
Title: Liquid-Vapor Imaging in Fuel Sprays Using Lifetime-Filtered Planar Laser-Induced
Fluorescence
Major Professor: Terrence Meyer

Many performance parameters in combustion systems are heavily dependent on the fuel injection
process. Liquid-vapor imaging in spray applications has proven to be difficult because of the
dominance of the liquid phase signal due to its higher number density. This work addresses this
issue by employing temporal filtering in Planar Laser-Induced Fluorescence (PLIF) imaging.
Temporal filtering takes advantage of the fact that although the vapor signal tends to be weaker,
its fluorescence signal persists longer than the liquid signal under the same conditions. An
experimental setup was designed with the capability to supply a two-phase flow in a controlled
environment at atmospheric pressure. Fuels such as Jet-A, JP-10, and toluene were tested to
determine their respective fluorescence lifetimes as well as their absorption and emission spectra.
The effect of temporal filtering was then demonstrated for each material by characterizing the
fluorescence decay profile for liquid and vapor under identical flow conditions and imaging system
settings. A droplet subtraction method was also demonstrated using Jet-A in which a two-camera
setup was utilized to subtract the liquid signal contribution from an image, leaving only a vapor
measurement. Temporal filtering was also applied to exciplex tracers using various concentrations
of N,N-Diethylmethylamine (DEMA) and fluorobenzene in hexane. The emission spectrum was
determined for this combination in the liquid and vapor phases. The liquid, vapor, and cross-talk
signals were quantified with increasing time delay after the laser pulse to determine the optimal
timing for imaging. Finally, a demonstration of this technique was completed showing complete
separation of the liquid and vapor signals.
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1. INTRODUCTION

Background
The study of spray breakup, evaporation, and fuel-air mixing is critical to the
development of combustion systems. The fuel injection process is directly linked to
combustion efficiency, stability, and system emissions. To continue the development of
these devices, engine designers require an understanding of both the liquid and vapor
distributions in an evaporating spray. Optical spray measurement techniques offer a nonintrusive means of visualizing and quantifying the fluid dispersion. Planar Laser Induced
Fluorescence (PLIF) utilizes a laser sheet to excite the molecules in the measurement
volume to a higher electronic state, which is followed by red-shifted fluorescence emission.
This provides a two-dimensional measurement that has been previously used in a wide
range of applications. PLIF has been used in sprays to obtain species concentration, mass
distribution, and mixing measurements. However, separating the liquid and vapor phases
in a fuel spray is challenging due to the large disparity in signal intensities of the two phases
that occur in the same spectral range [1]. As such, the liquid signal will overwhelm the
vapor signal in regions of high drop density. Using high camera gain to observe the
relatively weak vapor phase signal typically causes pixel saturation due to nearby liquid
phase emission. Not only could this cause pixel damage, but a phenomenon known as
halation or blooming can cause erroneous vapor phase readings [2]. This primarily occurs
in intensified cameras is due to charge transfer within the multichannel plate to adjacent
pixels [3]. Halation effects have been shown to extend up to 10 drop diameters away from
the liquid surface for drops on the order of 170-240 µm in size [2]. The halation intensity
is typically only a few percent of the original signal but could easily be confused as vapor
in regions near drops. Techniques such as exciplex fluorescence use multiple tracers but
suffer from cross-talk between the two phases. Temporal filtering offers a possible solution
by using the time gate of the camera relative to the laser pulse to choose which phase to
image. This technique can allow liquid and vapor imaging of real (undoped) fuels or, in
the case of exciplex fluorescence, eliminate cross-talk between phases.
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Temporal Filtering
The goal of this work was to develop a spray imaging technique in which the fluid
phases could be imaged, isolated, and quantified. A series of experiments were then
performed to characterize and demonstrate the use of this technique. The experimental
setup was designed to supply a two-phase flow that was exposed to a laser sheet. Upon
interaction with the laser sheet, fuel molecules in both the liquid and vapor phase absorb
incident photons and are excited to a higher electronic state. When an electron transitions
back to the ground state, a photon is released in a process called fluorescence. This signal
is proportional to number density resulting in a liquid signal that is orders of magnitude
stronger when compared to the vapor signal. However, the fluorescence signal decay rate
is heavily influenced by quenching. In the liquid phase, collisional quenching is the
dominant mode due to the higher probability of molecular collisions. Vapor is less
influenced by this mode due to the lower number density but is more strongly quenched by
oxygen due to its high diffusivity when compared to the liquid phase. This issue is resolved
by using a nitrogen gas co-flow to displace any oxygen in the spray environment. A vapor
surrounded by nitrogen will have a longer fluorescence lifetime than a liquid under the
same conditions. By taking advantage of the different properties of the two fluid states, a
temporal filtering technique can be implemented to isolate each phase. Figure 1 shows a
timing diagram that illustrates this process.

Figure 1. Temporal filtering timing diagram.
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Consider a short (3-5 ns) laser pulse incident on the flow field causing fluorescence
in both phases. Immediately after the laser pulse (t = 0), the liquid phase signal is dominant.
An intensified camera system with a short time gate (~5 ns) could be used at this time to
capture images consisting primarily of the liquid phase. An image captured tens or more
nanoseconds later would favor the vapor phase due to its relatively long fluorescence
lifetime. A two-camera setup is required because a single imaging system is incapable of a
sufficiently high framerate to capture images of both phases in a single spray event.
Although the images are captured at different times, the flow is considered “frozen” due to
the capture delay being on the order of tens of nanoseconds. For example, a drop moving
at 100m/s will translate a distance of about 3 µm for a time delay of 30 ns. A typical
imaging resolution is near 50 pixels/mm, which translates to an upper limit of 20 µm/pixel.
Thus, the distance translated is significantly smaller than one pixel even for a drop moving
at 100 m/s. In this work, various approaches to the application of temporal filtering are
demonstrated on real fuels with no means of separating the liquid and vapor other than
temporal (e.g., lifetime) filtering. Additionally, this technique was applied to exciplex
tracers to improve performance using both spectral and temporal filtering.

Application of Temporal Filtering to Exciplex Tracers
Exciplex fluorescence was first proposed by Melton [4] and has been welldocumented for use in spray applications [5, 6, 7, 8]. In general, the fluorescence spectra
of the liquid and vapor phase for a molecule are identical. However, for exciplex tracers
the vapor and liquid phases emissions are spectrally separated. This is due to the
interactions between the constituent molecules within the mixture. exciplex systems
consist of a monomer, M, and a ground state forming molecule, G, seeded into a candidate
fuel. When the mixture is exposed to incident radiation the M molecule is excited to a
higher electronic state, M*. In the case of a liquid, there is a high probability of
collisions/interactions between the M* and G molecules leading to the formation of a new
excited species, (M+G)* [6].
      

1

This is called an excited-state complex which yields then name exciplex. Energy is drawn
from M* to support the formation of the (M+G)* species leading to a lower energy, or
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higher wavelength, emission when compared to the monomer emission [6]. In the case of
the vapor phase, the M* species is unlikely to encounter the G molecules and thus the
emission is based on the monomer emission only. It is important to note that the G
concentration must be provided in excess such that the exciplex species emission is
dominant in the liquid phase. In practical applications it may not be possible to fully drive
the reaction shown in equation 1 to the right and there may still be residual emission from
the monomer in the liquid phase [5], leading to cross-talk between the liquid and vapor
phases. The major advantage of exciplex tracers is that they offer reliable spectral
separation of each phase which could then be optically filtered for phase isolation on the
imaging systems. However, the exciplex system chosen must have similar fluid properties
to the fuel of interest. Furthermore, one must ensure that the tracers exhibit a coevaporative behavior with the carrier fuel. Otherwise, the tracers may evaporate
prematurely or late compared to the fuel leading to unrealistic vapor distributions. The
carrier fuel must also either not absorb at the excitation wavelength or it must emit at a
wavelength sufficiently separated from the exciplex and monomer signals to allow spectral
filtering. Lastly, one of the major obstacles in the use of these tracers is the spectral overlap
termed the ‘cross-talk’ in the emission of the liquid and vapor phases. Typically, in a twocamera setup, some liquid signal is detected on the vapor imaging system due to its higher
signal intensity. The work completed here has shown that this issue can be resolved using
a combination of temporal and spectral filtering. At delayed camera time gates, the liquid
signal decays significantly and the two phases exhibit more complete separation.

Experiment Overview
The absorption and fluorescence spectra of the materials used in this work were
obtained using commercial spectrometers. The spectroscopy equipment and processes used
are discussed in sections 2.5 and 2.6. Tests were also conducted to gain an understanding
of the fluorescence decay profile of the liquid and vapor phases for various fuels using a
Photomultiplier Tube (PMT) as well as an Intensified CCD camera. PMTs work by using
the photoelectric effect to amplify the current produced by incident light on the
photocathode. These devices are generally sensitive to a wide range of wavelengths and
can be sensitive enough to detect single photons, making them well suited for fluorescence
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lifetime measurements. The experimental setup was created to be capable of supplying a
controlled two-phase flow for study of the temporal filtering technique. A range of nozzles
were procured to provide either single droplets or a full spray cone for imaging. Depending
on the test series, the vapor was either supplied through a vaporizer system or by the
evaporation of drops moving through a heated nitrogen flow.
A two-camera setup was then implemented to obtain a series of time-delayed images
to demonstrate the application of this technique to different fuels including Jet-A, Toluene
(as a surrogate for gasoline), and JP-10 seeded with 1-Methylnaphthalene (1-MN). For
each of these fuels, the fluorescence lifetime was determined for both fluid phases and time
delayed images were obtained to demonstrate the feasibility of temporal filtering. An
attempt was also made to demonstrate this technique for high-speed imaging and the results
are discussed in Section 3.6. Additionally, a combination of spectral and temporal filtering
was applied in a series of tests using exciplex tracers. These tests demonstrate the
elimination of cross-talk in the exciplex system without the need for a temperaturedependent calibration. The behavior of cross-talk was characterized in terms of time decay
and tracer concentration. Finally, a demonstration of the use of this technique with exciplex
tracers on uniform drops in a controlled flow environment was completed.

Historical Studies
1.5.1 Spray Imaging Techniques
Experimental work using a similar setup and equipment to that presented here was
previously completed at Wright-Patterson Air Force Base to investigate the effects of fuel
sparging on fuel fluorescence lifetime [9]. The goal of that work was to displace nitrogen
within the fuel by flowing oxygen through a sparging system for extended periods of time.
The sparging system flows a sparge gas through a dip tube that extends below the liquid
level in the tank. A carbonation stone at the end of the tube helped to increase the surface
area between the sparge gas and liquid. An exhaust tube at the top of the tank then allowed
the ullage gas to escape. Throughout testing various concentrations of oxygen were sparged
into acetone and Jet-A using mass flow controllers. The principle of this method is to
reduce the disparity in signal intensities between the liquid and vapor phases through
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sparging higher levels of oxygen into the liquid fuel. Images were captured using an ICCD
camera and a series of time-delayed images with 50 image accumulations per time step
were taken to construct the decay curves. The results of this experimental work showed
that the decay rate of acetone increased with increasing levels of oxygen [9]. However, for
Jet-A it was found that the levels of oxygen in the sparge gas don’t affect the rate of decay,
but rather only the initial fluorescence intensity [9]. When normalized by the first data
point, the decay curves for various sparging conditions nearly overlapped [9]. It was
concluded that sparging was not an effective means of addressing the signal disparity issue.
Other experimental work has attempted to discriminate between the fluid phases
using combined acetone fluorescence and phosphorescence measurements [10]. Acetone
is widely used because it is well-suited for mixing measurements as its fluorescence signal
is not quenched in the presence of oxygen [10]. The experimental setup utilized an interline
camera that can capture two frames in rapid succession. The first short exposure image
captures the vapor and liquid fluorescence signals. The second exposure is longer and
captures the liquid phosphorescence signal. The second frame is used to calculated drop
size and allows for the droplet fluorescence signal to be subtracted from the first image,
leaving only the vapor fluorescence signal [10]. However, since both signals occur in the
same spectral range, they cannot be easily distinguished. The large discrepancy in signal
intensities was used in this study to manually identify liquid and vapor in the images, which
indicates that this process discriminates against small drops as they are difficult to discern.
In addition to exciplex tracer fluorescence and the techniques described above,
several planar and line-of-sight techniques have been used for similar applications. Filtered
Rayleigh Scattering (FRS) can be used for fuel vapor and gas-phase mixing measurements
without interference from the liquid phase [11] as well as for velocity measurements in
high-speed flows [12]. This technique utilizes a narrow band width laser and an absorption
filter to block unwanted laser scattering from reaching the detector. Mie scattering off
drops and particles will have the same wavelength as the excitation light and is blocked by
the absorption filter. Gas-phase scattering is governed by Rayleigh-Brillouin Scattering
(RBS) and is slightly spectrally broadened [11]. A portion of the RBS spectrum falls
outside the band blocked by the filter and reaches the detector. A two-camera setup can
then be used to capture each fluid phase. One drawback of this technique is that it’s
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unproven for fuels with higher molecular weight. As molecular weight increases, the RBS
spectrum narrows and becomes more effectively blocked by the absorption filter [11].
Parish and Zink have shown that a combination of LIF and Mie scattering can be
used to distinguish between liquid and vapor in a multiphase flow [13]. For their
experimental setup, a high-speed camera was used to capture both phases using a frame
straddling timing configuration. Frame straddling is timed such that the elastic scattering
occurs at the end of one exposure and the ensuing LIF signal is captured at the beginning
of the next exposure. The advantage of obtaining these image pairs in a high-speed camera
is that they can be used to observe the flow development of a single injection event. For
example, the elastic scattering images can be used to determine the time duration for the
liquid to evaporate. Another advantage of this technique is that the ratio of the LIF to
scattering images can yield the Sauter Mean Diameter (SMD) directly. This is because the
fluorescence signal is proportional to drop volume while scattering is proportional to
surface area. Ultimately, this technique is unable to separate the two phases completely as
they both emit a fluorescence signal. One approach to solving this issue may be to subtract
the liquid signal obtained by the scattering images from the fluorescence images containing
signatures from both the liquid and vapor.
Laser Absorption-Scattering (LAS) relies on droplet scattering and vapor
absorption to separate the two fluid phases [14, 15]. This technique is intended for
application to hydrocarbon fuels as they tend to have strong UV absorption bands while
being relatively transparent to visible light. LAS works by performing two optical thickness
measurements at different wavelengths simultaneously. In the case of UV excitation, the
total line-of-sight measurement is dependent primarily on droplet scattering and vapor
absorption [14]. With visible light excitation, the total line-of-sight extinction is dependent
only on droplet scattering. The optical thickness of the vapor is determined from removing
the droplet optical thickness at the visible light from the combined optical thickness of the
drops and vapor at the UV light [14]. A temperature calibration is required for this
technique because the absorption coefficient of the material is strongly dependent on
temperature. Additionally, this technique can only be used as a line-of-sight measurement
making alternative techniques more useful in certain applications.
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1.5.2

Multiple Scattering

Multiple scattering is a major issue for planar laser diagnostic technique applied to a
dense spray. When light is incident on a dense spray medium, few photons continue
through unobstructed and are called “ballistic” while other photons are scattered. Those
that experience only one or two scattering events are termed “snake photons” [16]. The
result is a significant signal contribution due to scattered light inside and out of the image
plane. While the temporal filtering technique presented here does not rely on Mie scattering
as a signal source, the light generated from fluorescing molecules may also experience
multiple scattering. Ballistic imaging has been demonstrated in the past as a means of
suppressing multiple scattering [16, 17, 18]. This technique utilizes fast-gating imaging
systems on the order of picoseconds to select only the ballistic and snake photons as they
arrive to the imaging system first due to their shorter path length. While this method is
useful for reducing the multiple scattering effects in a dense spray, it may not be successful
in application to an evaporating spray due to the low signal intensity of the vapor phase.
Structured Laser Illumination Planar Imaging (SLIPI) may be a possible solution to
reducing multiple scattering in dense evaporating spray applications [19, 20, 21]. SLIPI
uses a spatial modulation filter to form a structured laser sheet. The bright fringes on this
sheet correspond to directly and multiply scattered light while the dark fringes correspond
to multiply scattered light only. This method typically uses three spatial phases to obtain a
time-averaged signal with reduced contribution from multiple scattering. However, highspeed SLIPI has been demonstrated in [22]. In that experimental setup, three spatially
modulated images were obtained within 100 µs. Depending on the characteristics of the
flow this time may be sufficiently small such that the flow is frozen. The modulated images
are then used to reconstruct the spray image with the contribution of multiple scattering
removed. Future work involving temporal filtering may see SLIPI incorporated to reduce
or eliminate the effects of multiple scattering in dense drop regions.
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2. EXPERIMENTAL SETUP

Test Apparatus
The goal of this study was to develop and characterize a technique to isolate the
liquid and vapor phases in a spray application. Therefore, it was necessary to create an
experimental setup in which the parameters of the two phases are known and controllable.
The test apparatus was designed to create a two-phase flow field to be imaged by multiple
detectors that are out of plane. The liquid and vapor phases were supplied by a combination
of nozzles and a vaporizer system which are described in more detail in the following
section. Figure 2 shows this experimental setup. An aluminum housing (not shown in this
figure) was positioned to contain the liquid spray and guide the vapor flow toward a fume
hood for removal. It should be noted that an air jet was placed to protect the final mirror
from being coated by vapor as it is directly above the outlet of the vapor nozzle.

Figure 2. CAD Representation of experimental setup.
A photodiode and oscilloscope were used to establish timing/synchronization of the
imaging system with the laser. The photodiode also served to ensure that laser energy
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fluctuations remained under 10% variation from pulse to pulse. The subsequent sections
explain each part of this setup in more detail. Images of the actual experimental setup are
shown in the appendix.

Pulse-Burst Laser System
A custom-built frequency-quadrupled pulse-burst Nd:YAG laser was used as the
excitation source to induce fluorescence in the flow region. Pulse-burst lasers are operated
on a duty cycle to decrease thermal loading and enable high peak power. A 9530 Series
Quantum Composer delay generator was used to operate the laser as well as for
synchronizing and triggering the cameras throughout this experiment. A seed laser that is
driven by the Quantum Composer operates continuously at the set repetition rate. The duty
cycle was set such that the laser bursts for a duration of 2.5 ms once every 10 seconds for
thermal loading purposes. During this time period the pulses of the seed laser are greatly
amplified. Figure 3 shows an example of this mode of operation for a 100 kHz repetition
rate. Note that is not actual data, but rather an illustration of the operational mode.

Figure 3. Operating mode burst profile diagram for pulse-burst laser at 100kHz.
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Each burst contains a 0.5 ms rise time as shown in the figure. At a repetition rate of
100 kHz, the time between pulses is 10 μs and the pulse width was typically set to 3-5 ns.
A Pellin Broca Prism and four 45° 266 nm mirrors were used to bring the laser sheet to the
flow region to ensure that any residual 532 nm or 1064 nm light had been eliminated. In
cases where the Pellin Broca Prism was not used, a Semrock StopLine 532 nm single-notch
filter (OD > 6 for 532 nm) was used to stop scattered light from the second harmonic. Tests
were generally conducted using a laser energy of 3-6 mJ/pulse depending on the test series.
The use of a pulse-burst laser was mainly necessary when imaging at high speed or
attempting to collect multiple lifetime decay curves within a single burst using a PMT (see
2.4.2).

Fluid Systems
This section outlines the fluid systems used throughout this experiment. Each
subsection is dedicated to the discussion of a separate fluid system that was used to supply
either liquid or vapor for several test series.
2.3.1

Droplet Generator
Initial tests utilized MicroFab nozzles (PN: MJ-SF-04) to supply individual drops.

The nozzle orifice and all internal wetted surfaces are almost solely made of glass, meaning
that chemical compatibility is ensured. This also allows for high temperature drop
dispensing up to 250°C. The nozzle contains a piezoelectric material that is driven by a
function generator to control the rate/size of the drops. The parameters of the square wave
signal from the function generator such as frequency, pulse width, and amplitude are used
to set the drop size. The liquid was contained in a reservoir that was pressure regulated
using a MicroFab Precision Pressure Regulator (CT-PT-21) that maintains pressure with
1.5 mmHg precision. The pressure was varied through a range of 50-300 mmHg based on
the nozzle orifice diameter. This diameter largely determines the range of drop sizes that a
nozzle can produce. A Watlow 200 W cartridge heater was press fit into the walls of the
reservoir to add the capability of heating the dispensed drops. Stable operating points based
on the function parameters and reservoir pressure were found for each nozzle through
exploratory testing using a PointGrey camera with a microscopic lens (see 2.4.1 for
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details). Figure 4 below shows an example of the range of drop sizes that could be produced
using this flow system.

Figure 4. Example images of the range of drop sizes that could be produced by the droplet
generator.
As can be seen in the figure, a uniform stream of drops could be created across a
nearly 200 μm size range by using the available nozzles and varying the relevant
parameters. The limitation of using this system is the minimum drop size that it could
produce which is about 53 μm. In a realistic fuel spray, drops sizes fall significantly below
the 53 μm limit found here.
2.3.2

Atomizing Spray Nozzle
An air atomizing nozzle (PN: 1/4J-SS-SU42-SS) was used to generate smaller

drops for tests conducted on a more realistic spray environment. The drop size distribution
for this nozzle is driven by the input liquid and atomizing gas pressures. Most tests used
high purity nitrogen (>99.995%) as the atomizing gas to avoid signal quenching due to
oxygen. This nozzle produced a dense, full cone spray which caused an issue with multiple
scattering. One simple method used to suppress this issue was to use shields to physically
redirect most of the cone and only allow a thin portion through. Figure 5 shows diagram of
this orientation as well as a comparison of images captured using the full cone and a sheet
of drops allowed through by the shields.
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Figure 5. Spray shield diagram and image comparison of the full cone and spray sheet.
The spray cone image clearly shows effects of multiple scattering and this is
significantly suppressed in the spray sheet image. The seeder was found to provide the flow
that least disturbs a heated cross-flow while also yielding smaller drops and no multiple
scattering.
2.3.3

Vaporizer Flow System
Many experiments utilized a vaporizer flow system inherited from the work

discussed in section 1.5.1. The vaporizer consists of an aluminum tube with a stainlesssteel rod press fit into it. The rod was then drilled out and a wire EDM machining process
was then used to cut the rod into a fin pattern to maximize surface area. Copper halfcylinders were machined to
allow for the installation of two
450 W Watlow Band Barrel
Heaters. An oil burner nozzle
was installed at the inlet to
spray fuel onto the heated fins
which were maintained at a
temperature

sufficient

to

vaporize the liquid using heater
controllers

and

Type-K

thermocouples for feedback.

Figure 6. Vaporizer unit assembly.
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The vaporizer assembly can be seen in Figure 6. High purity nitrogen gas was used to
pressurize the fuel tank that feeds into the vaporizer and as a co-flow during testing to
prevent quenching of the vapor signal. Figure 7 shows the fluid diagram for this system
and its associated sensors.

Figure 7. Vaporizer flow system diagram.
A heated line directed the flow from the vaporizer toward a vapor nozzle. This
nozzle contains a honeycomb material to straighten the flow that is ejected to the imaging
location. The nozzle itself is also heated and insulated using strip heaters that are driven by
RoboTemp 315 proportioner units that use an on-off duty cycle to maintain precise thermal
control. Finally, two external thermocouples (not shown in Figure 7) are used to record the
exit temperature of the flow. While this system was well-suited for supplying a saturated
vapor for imaging, it was incapable of producing a set concentration in the flow. A syringe
pump was used to achieve a lower, metered, mass flow rate of fuel as shown in Figure 8.
A tube with a 0.050” inner diameter was used to supply fuel flow at rates as low as 0.5
mL/min. A metered nitrogen jet was directed at the exit of the fuel tube to break up the
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flow into an aerosol before it reached the vaporizer assembly shown in Figure 6 to facilitate
evaporation.

Figure 8. Syringe pump and rotameter diagram.
This method was found to be the most reliable way of supplying a low, steady flow
rate to the vaporizer. Stable operating points were found in which the nitrogen jet
continuously breaks up the fuel flow rather than allowing large drops to fall into the
vaporizer. Using the syringe pump, fuel rates as low as 0.5 mL/min could be achieved to
produce a concentration near 7000 ppm at the core of the vapor jet.

Detectors/Cameras
The purpose of this section is to familiarize the reader with the detectors used in this
experiment. The information presented here is necessary to understand the subsequent
discussion of the data processing methods presented in 3.1.
2.4.1

PointGrey Camera
A PointGrey Chameleon 2.0 CCD camera was used for several tests throughout this

work. This camera offers a high-resolution imaging capability with a 3.75 µm pixel size.
The camera was coupled with an Infinimax Model KX Microscopic Lens to achieve a
resolution of 290 pixels/mm. This imaging system could be triggered by the same function

26
generator that drives the MicroFab droplet generator nozzle. Synchronizing these two
pieces of equipment meant that the drops appear to hover in place allowing the user to alter
drop generation parameters and observe the effects in real time. This was the method used
to find stable operating points and record the associated drop size.
2.4.2

Photomultiplier Tube (PMT)
A PMT is a device that uses a photocathode to convert incoming photons to an

electrical current using the photoelectric effect. The current is then multiplied by passing
through multiple dynode stages. The result is an extremely sensitive detector that can
register single photon events. These detectors are sensitive to a wide spectrum of
wavelengths and can have relatively fast response times on the order of nanoseconds.
Typically, the procedure for aligning this detector was to use the PointGrey camera with
the microscopic lens to determine the correct position before the camera was replaced by
the PMT. Fluorescence decay profiles of both phases were important to understanding the
necessary camera timing to isolate the liquid and vapor on separate cameras. The PMT
provided a simple means of obtaining a decay profile, or several decay profiles, from a
single laser burst. Two PMTs were used in this experiment. The first is a Hamamatsu
R9110 tube that has a spectral response ranging between 185-900 nm. A high voltage
power supply was connected to this unit and data was recorded on a high-resolution
oscilloscope. This worked well for cases in which the observed fluorescence lifetime was
long (>10 ns). However, for cases such as liquid toluene the PMT response time was longer
than the fluorescence lifetime. This response time is dependent on the supply voltage and
the socket that the tube is mounted to. Higher voltage corresponds to faster response time,
but also higher gain and noise generation. A Thorlabs PMTSS was used for tests requiring
a faster response time. This device is less sensitive but has a response time of 2.2 ns that is
not dependent on supply voltage.
2.4.3

ICCD and CMOS Cameras
Most tests involving fluorescence imaging used a Princeton Instruments PI-Max 4

and/or an Andor iStar ICCD camera. These cameras can use time gates as short as one
nanosecond and have a significant quantum efficiency in the UV-Visible range. The ICCD
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cameras used can gate for time periods as short as 1ns making them well suited for imaging
fluorescence signals with short lifetimes. Semrock RazorEdge 266 nm Longpass filters
were used to prevent signal contribution from 266 nm scattering in all tests. These filters
have a blocking band of OD > 6 for light at or below 266 nm and have a transmission of
91% and 97% for the peak emissions of Toluene and Jet-A, respectively. Several
experiments were carried out to demonstrate the feasibility of using temporal filtering
during high speed imaging. Most tests operated at a frame rate of 10-20 kHz as this allowed
for full-frame imaging. A Photron Fastcam SA-Z high-speed CMOS camera was paired
with a LaVision High Speed (HS)-IRO image intensifier for these experiments. The HSIRO has a quantum efficiency of about 10-15% at the wavelengths of interest which
allowed the camera to detect these signals. The minimum gate of the HS-IRO was 100ns
meaning that accurate lifetime characterization was not possible as with the ICCD cameras
described above.

UV-Visible Spectroscopy
Several fuels were used for liquid-vapor imaging this study. The fluorescence and
absorbance spectra were determined for all materials using commercial Cary Eclipse
Spectrometers. The experimental setup used to obtain fluorescence spectra is shown in
Figure 9.

Figure 9. Experimental setup used for fuel fluorescence spectra characterization.
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The laser excitation source was set to 266 nm to match that used during imaging.
The excitation filters were used to narrow the bandwidth of the source beam before it
reached the cuvette. A triangular cuvette was used to minimize the pathlength through the
fluid which reduced reabsorption of the fluorescence signal. However, this cuvette also
reflects more of the excitation light toward the emission grating. The emission grating
sweeps through a range of angles directing light to the detector PMT and the intensity
versus wavelength is recorded. The filters on the emission side in Figure 9 were placed to
reduce transmission of the excitation light to the PMT. The filters used for these tests are
shown in Table 1.
Table 1. Filters used in fluorescence spectroscopy experimental setup.
Location

Filter

Internal Excitation

250-395 nm Bandpass

External Excitation

265 nm Bandpass

External Emission

266 nm Longpass

Internal Emission

550-1100 nm Bandpass

The external 265 nm bandpass filter has a FWHM of 10 nm, about 18%
transmission at 266 nm, and optical density

4.0 and was used with an internal 250-395

nm bandpass filter to narrow the band width of the source laser. The 266 nm long-pass
filter has an OD

6 for 266 nm and a transmission greater than 90% for 272-600 nm. The

internal emission band pass filter was only used to eliminate higher order peaks. For high
intensity emissions, the PMT in the spectrometer will detect the second order of a
wavelength as a signal at twice that wavelength. The general grating equation is,

where m is the diffraction order,

2

is the wavelength, d is the blaze spacing, and  is the

emergence angle. As an example, the emission grating angle corresponding to the first
order of 532 nm and the second order of 266 nm light is the same. Two spectra were
obtained for each fuel tested for this reason; one with and one without the 550-1100 nm
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bandpass filter. Any peaks that disappeared from the spectrum with the bandpass filter are
known to be higher order peaks of the shorter wavelengths.

Exciplex Spectroscopy
A Princeton Instruments Acton Series spectrometer was used for exciplex
spectroscopy for the liquid and vapor phases. The same experimental setup described in
2.1 was used to supply the fluids and a PI-Max 4 ICCD camera used as a detector. The
pulse-burst laser was operated at 10 kHz for a burst duration of 2.5 ms with a 0.5 ms rise
time. The ICCD camera used a gate width of 2.5 ms to encompass the entire burst and 50
accumulations were recorded for each test. This translates to a signal accumulated from
about 1000 laser pulses. A Mercury lamp with a strong emission peak at 253.65 nm and
laser scattering at 266 nm were used to calibrate the spectrometer. During testing, a 266
nm long-pass filter was used to stop scattered light. A 300g/mm grating was used due to
the expected wide peaks for the desired signal. Several frames were required to record the
entire spectrum as it spanned over 150 nm. Images were recorded to capture segments of
the spectrum that were combined in post-processing.
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3. RESULTS AND DISCUSSION

Data Processing Methods
This section provides an overview of the data processing methods used throughout
this experiment. MATLAB and ImageJ were used for most of the data analysis. Custom
MATLAB scripts were written to automate image processing while also producing more
uniform and repeatable results than manual analysis.
3.1.1

PMT Data Analysis
Two PMTs were used to characterize fuel fluorescence lifetimes. The laser was

operated in a pulse-burst mode for these tests and the PMT output a signal to a highresolution oscilloscope. Typically, the laser was operated at 100 kHz with a burst duration
of 2.5 ms. Excluding the pulses during the rise time, this provides about 200 pulses each
followed by a fluorescence event. A 266 nm long-pass and 532 nm notch filter were used
to prevent the PMT from detecting scattered light from the laser pulses. The waveform
output by the PMT was then input into a MATLAB script that identified, normalized, and
aligned each peak within the burst. Figure 10 shows an example of the data output by the
PMT.

Figure 10. (a) Burst profile for Jet-A liquid spray with N2 co-flow. (b) Normalized
aligned peaks and averaged curve represented by the bold black line.
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All decay profiles were then averaged into a single curve to which an exponential
decay was fit and used to determine the lifetime.
3.1.2

ICCD Image Processing

3.1.2.1 Vapor Phase Fluorescence Analysis
Vapor phase fluorescence decay lifetimes were also determined using an ICCD
camera. Since the vapor sheet produced a uniform signal, the images were processed with
a simple MATLAB script. Images were loaded in and the background noise offset was
subtracted. The maximum pixel value was then determined and all values above 50% of
the maximum grey count were averaged into a single value. The results for each frame of
every time delay were averaged into a single value. Typically, about 5 frames were
considered for each time delay. The time gate used on the camera was 3-5 ns for most tests
and data was collected in 3 ns delay increments in regions of rapid decay.
3.1.2.2 Liquid Phase Fluorescence Analysis
The images for the liquid phase required a more complex analysis. Time-delayed
images were captured in the same manner as the vapor images described above, but the
signal location on the frame varies from shot to shot. A MATLAB script was created to
detect drops in a frame and determine their fluorescence intensity. The script loads in each
frame and detects local maxima in the matrix of pixel values based on user input
parameters. These parameters set criteria such as minimum and maximum thresholds and
the “neighborhood” size for which a pixel must be the dominant value to be considered the
center of a drop. Once the drops are identified, submatrices are created centered on the
drop locations. All pixels above 50% of the drop center value are averaged into a single
number. This is done for each drop of every frame for a particular delay to obtain the signal
at that time. The script was unable to detect drops when the drop intensity decayed to near
the order of the noise and those images were analyzed manually.

Fuel Spectroscopy
The absorbance spectra for several fuels used in this study were determined using a
commercial Cary 300 Spectrometer. The liquid samples were held using glass slides. Using
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a blank slide, it was determined that the glass begins to interfere with the beam below 250
nm. The absorption spectra of Jet-A, JP-10, and 1-Methylnaphthelene (1-MN) were
determined and are plotted in Figure 12. Jet-A and 1-MN were found to have absorbance
peaks centered around 275 nm and 294 nm, respectively. The wide peaks of both materials
include a region of absorbance around 266 nm. Another material used in liquid-vapor
imaging was toluene, which is known to have a strong absorption peak centered at 258 nm
[23].

Figure 11. Absorption spectra for Jet-A, JP-10, and 1-MN.

The absorption of JP-10 was sufficiently weak that no peak was detected for the
short fluid pathlength used. A Cary Eclipse spectrometer was used to determine the
fluorescence spectra for each of the materials described above. The experimental setup
used for these tests is described in Section 2.5. The excitation source was set to 266 nm to
match the frequency-quadrupled Nd:YAG laser used for liquid-vapor imaging. A
FireFlySci Type 82 UV Quartz (190-2500 nm) Triangular Fluorescence Cell was used to
avoid issues with high optical density of the fuel. All fuel samples were stored in
borosilicate glass containers and transferred to the cuvette using glass droppers to ensure
no chemical contamination due to contact with plastics or rubber. Due to the high reflection
of the excitation source light toward the detector by the angled cell, a Semrock 266 nm
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long-pass filter (OD

6 for

266 nm) was required on the emission side. This filter

prevented interference from the excitation laser and the associated higher order peaks (see
Section 2.5), but the sample fluorescence itself could also generate a higher order peak. A
second spectrum was obtained for each sample using a 550-1100 nm band-pass filter on
the emission side to account for this issue. Figure 12 shows a comparison for Jet-A with
and without the band-pass filter.

Figure 12. Jet-A fluorescence spectrum with and without a 550-1100 nm bandpass filter.

The Jet-A emission spectrum shows a peak centered at 341 nm with a secondary
peak centered near 680 nm. Both peaks disappear when the band-pass filter is included,
indicating that the secondary peak is a higher order signal of the primary peak. Using this
process, all emissions longer than 550 nm were determined to be higher order signals. The
fluorescence spectra for Jet-A, JP-10, and 1-MN are shown in Figure 13. The PMT voltage
was increased to improve signal in cases where the emission was weak, therefore the results
presented do not show the relative intensity of the material fluorescence. The fluorescence
spectra of Jet-A and JP-10 show peaks centered at 341 nm and 300 nm, respectively.
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Figure 13. Fluorescence spectra for Jet-A, JP-10, and 1-MN for 266 nm excitation.

These were the primary materials used in liquid-vapor imaging of real fuels.
However, the fluorescence signal of JP-10 is weak for 266 nm excitation as can be inferred
from the weak absorption shown in Figure 11. To improve the signal strength of JP-10, a
small percentage of 1-MN was seeded into the fuel during imaging. This material has
strong UV absorption and has a wide emission peak centered at 394 nm. The emission
spectrum of toluene was found to have a peak centered at 290 nm from literature [23].

Fuel Lifetime Experiments
An understanding of the fluorescence lifetime is important when using temporal
filtering as an approach to isolate the liquid and vapor distributions in spray imaging. When
a volume of molecules is excited to a higher electronic state, the concentration of excited
molecules,   is modeled as a first order differential equation,


 


˘ˇ  
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where ˘ˇ is the fluorescence decay rate [1]. Solving this equation results in an exponential
decay described by,
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where  ˆ is the initial concentration and t is time [1]. The fluorescence lifetime, !, is
defined as the time required for the fluorescence signal to decay to 1/e of the initial intensity
and is equal to -1/˘ˇ . A PMT was used to determine the fluorescence lifetime of several
materials in the liquid and vapor phases using the experimental setup and data processing
methods described in 2.4.2 and 3.1.1, respectively. The fitted exponential decay curves for
Jet-A liquid and vapor were obtained using the PMT and are shown in Figure 14.

Figure 14. Jet-A fluorescence decay curves for liquid and vapor. The vapor phase was
best represented by a bi-exponential decay.

The liquid phase is represented by an exponential decay curve-fit while the vapor
phase was best represented by a bi-exponential curve. This was common to other materials
tested. Both cases shown in the plot used a nitrogen gas co-flow to prevent oxygen
quenching. A 266 nm long-pass and 532 nm notch filter were used in all cases to prevent
interference from the excitation laser. An additional WG 295 nm long-pass filter was used
in cases where the emission spectrum sufficiently longer that 295 nm. All tests were
conducted at atmospheric pressure and the liquid lifetimes were determined using a fuel
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spray at ambient conditions. The spray was generated from an air atomizing nozzle (PN:
1/4J-SS-SU42-SS) in which the liquid and gas pressures were set to 30 psi. This generates
a drop size distribution with an approximate mean diameter of 15 μm as reported by the
manufacturer. The atomizing gas used was nitrogen to prevent oxygen quenching. The
vapor was supplied using the vaporizer system described in 2.3.3 at a set point of 250°C
for JP-10 and Jet-A and 160°C for Toluene. The flow at the outlet of the system decreased
to nearly 140°C due to thermal losses. A summary of the lifetimes of all materials tested
using the PMT is shown in Table 2.

Table 2. Fluorescence lifetime summary for nitrogen and air co-flow.
Material

Liquid w/ N2
Co-flow (ns)

Liquid in
Air (ns)

Vapor w/ N2
Co-flow (ns)

Vapor in
Air (ns)

Toluene

7.71±0.85

6.17±0.61

8.31±0.44

3.34±0.25

JP-10

6.76±1.18

5.54±0.97

5.48±1.43/59.81±5.44*

3.50±0.33

Jet-A

15.23±1.62

14.55±1.49 7.42±1.06/61.40±4.67*

2.70±0.18

Acetone

3.34±0.18

3.21±0.15

--

--

* Results were best represented by a bi-exponential decay. The value given is short lifetime/long lifetime

The values given in the table are the average lifetimes found from analyzing all
peaks within three bursts (see Figure 10a). The error bounds given are the standard
deviation for all lifetime results from these bursts. Oxygen quenching was found to have a
slight effect on the lifetime of the liquid phase while strongly quenching the vapor phase.
In fact, the vapor phase lifetime for all materials was reduced to the duration of the laser
pulse (3-4 ns) in the presence of oxygen. The benefit of the using the PMT is that an entire
laser burst can be analyzed, and the lifetime could be determined in one shot. However, the
lifetime was also determined using an ICCD camera using the analysis methods described
in Section 3.1.2. This was done to compare to the PMT results and to determine the lifetime
as observed by the imaging system used for liquid-vapor visualization. The results for
Toluene and Jet-A are presented in Table 3.
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Table 3. Liquid and vapor lifetime results obtained using time delayed images from an
ICCD camera for Jet-A and Toluene.
Material

Liquid w/ N2
Co-flow (ns)

Liquid in
Air (ns)

Vapor w/ N2
Co-flow (ns)

Toluene

6.85

6.34

0.62/11.29*

95% JP-10, 5%1-MN

5.99/23.28*

--

33.77/156.61*

Jet-A

15.88

14.34

17.67/132.5*

* Results were best represented by a bi-exponential decay. The value given is short lifetime/long lifetim

The liquid lifetime results are generally in good agreement with those found using
the PMT. However, the decay for toluene vapor using the ICCD fit better to a biexponential curve while that done with the PMT fit to a single exponential. An
understanding of the liquid and vapor lifetimes for a material allows the user to infer the
feasibility of temporal filtering. For example, the discrepancy between the liquid and vapor
lifetimes for Jet-A is far more significant than it is for toluene. A longer vapor lifetime is
likely to improve the performance of temporal filtering as is demonstrated in the following
section.

Real Fuel Liquid-Vapor Imaging
3.4.1 Toluene Liquid-Vapor Imaging
To demonstrate the use of temporal filtering, the fluorescence decay profiles of
several fuels were obtained for the liquid and vapor phases under the same imaging and
flow conditions. A Princeton Instruments ICCD camera was used for all tests with a Nikkor
UV 105 mm lens. The liquid phase signal was obtained using a spray with a mean drop
diameter of 15 μm as reported by the manufacturer. The atomizing gas and co-flow used
for all cases was high purity nitrogen (>99.995%) to maintain consistent bath gas
composition across different tests. The vapor phase signal was determined using flow from
the vaporizer system described in 2.3.3. A nitrogen co-flow through the vaporizer system
was used to prevent oxygen quenching of the vapor signal. Time-delayed images were then
obtained and the decay profiles were plotted using the methods described in 3.1.2. The
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camera settings, laser energy, and flow conditions were maintained throughout testing for
each fuel. The first demonstration was completed using Toluene. The vaporizer set point
was 200°C and the outlet temperature was 159-165°C during testing. Sheet forming optics
were used to create an 8 mm long, 0.7 mm wide laser sheet with a fluence of 84.8 mJ/cm2.
This optical setup was maintained for the other fuels discussed in the subsequent sections.
Figure 15 shows the results of the demonstration for toluene. The log plot in the center of
the figure shows the decay profiles for liquid and vapor obtained separately, but under the
same imaging conditions. The dashed lines at 0 and 20 ns indicate the time at which the
liquid-vapor sample images shown on the sides of the figure where obtained.

Figure 15. Toluene temporal filtering demonstration using liquid-vapor imaging with
nitrogen co-flow.
A time of 0 ns is defined as immediately after the laser pulse. The liquid phase
intensity is initially 2.5 times stronger than the vapor phase. A cross-over point at
approximately 14ns can be seen after which the vapor signal begins to dominate due to the
relatively fast decay of the liquid signal. An image sample at 20 ns exemplifies this with
the vapor signal now 2.4 times the intensity of the liquid phase. It should be noted that the
liquid signal level is determined from the average of the 100 most intense drops in an
image. The liquid signal detected at late time delays is likely the residual fluorescence
signal from the larger drops in the spray as the smaller drops’ emission has decayed to
undetectable levels by that time. Measuring the liquid intensity in this manner represents a
more stringent demonstration of the technique with the performance likely to improve as
drop size decreases as is the case in typical fuel sprays.
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3.4.2

JP-10 with 5% 1-MN Liquid-Vapor Imaging
Temporal filtering was also applied to a mixture of JP-10 and 1-MN. JP-10 is a

pure component fuel that is made for use in missile applications. Desirable characteristics
of this fuel include an Isp of 297.4 s and a low freezing point of -79°C making this the only
air-breathing missile fuel used by the United States military [24]. As reported in Section
3.2, the absorption spectrum of JP-10 shows little to no response at 266 nm for the liquid
path length used. Therefore, the fluorescence emission of this fuel is weak and difficult to
detect using an imaging system, especially when gating after the laser pulse. To alleviate
this issue 5% 1-MN by mass was seeded into the fuel for liquid-vapor imaging. The liquidvapor decay results for a mixture of 95% JP-10 and 5% 1-MN are shown in Figure 16.

Figure 16. JP-10 seeded with 5% 1-MN temporal filtering demonstration using liquidvapor imaging with nitrogen co-flow.
The initial discrepancy between the liquid and vapor intensity is far greater than
what was seen using toluene. The liquid signal is initially an order of magnitude stronger
and can be seen to dominate in the image samples presented for 0 ns to the left of the plot
in Figure 16. At 103 ns the vapor signal begins to dominate and by 135 ns the vapor signal
is 1.9 times the intensity of the liquid phase. For this case, the liquid signal is consistently
present throughout the decay and both signals fall to the order of the noise 210 ns after the
pulse. This means that at no point is the liquid signal fully eliminated in this data set. A
smaller drop size distribution may yield a result in which a sufficient time delay leaves
only the vapor signal present, but this comes at a cost of a lower signal-to-noise ratio.
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3.4.3

Jet-A Liquid-Vapor Imaging
The same demonstration was also conducted using Jet-A. The vaporizer set point

was 250°C and the outlet temperature was 195-204°C throughout testing. The decay plot
and imaging results for Jet-A are shown in Figure 17. The liquid signal is initially four
times the strength of the vapor signal. However, Jet-A exhibited a wider discrepancy
between the two-phase signals at later time delays than toluene and JP-10/1-MN. The
cross-over point is near 23 ns after which the vapor phase begins to dominate. After this
point, the vapor signal consistently remains 2-4 times the intensity of the liquid signal.

Figure 17. Jet-A temporal filtering demonstration using liquid-vapor imaging with nitrogen
co-flow.
One unique aspect of this test is that a time delay of 157 ns causes the liquid signal
to fall to the order of the noise while the vapor phase signal persists. However, the SNR at
this time delay falls to about 3.5. These results are encouraging because the application of
temporal filtering to Jet-A was one of the primary goals of this research effort as this fuel
is widely used in the United States and Canada for commercial aviation. As mentioned
previously, the liquid signal in the plots for Figures 15-17 is determined from the average
of the largest pixel values in the most intense drops in an image (3.1.2.2). This represents
an excessively stringent case if imaging an unresolved spray in which drops are much
smaller than a pixel. Reprocessing the same data set but analyzing the liquid and vapor
images by averaging the entire region in which each phase exists yields a significantly
different result that favors the vapor phase. This is because the liquid signal is discrete and
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so binning an entire region significantly reduces the reported value. The vapor signal is
continuous over a region and is not as affected by this change. The results for Jet-A and
95% JP-10 with 5% 1-MN are shown in Figure 18.

Figure 18. Jet-A and JP-10+1-MN liquid-vapor comparison results processed using binned
regions.
The results obtained using binning of the fluid regions show that the mean liquid
signal falls to the order of the noise 97 ns after the laser pulse while the vapor signal has a
SNR of 8.7. For the seeded JP-10 the liquid signal falls to the order of the noise 80ns after
the laser pulse, but the vapor signal falls to a SNR of 5.1. Another concept was pursued
building upon the results presented thus far to address cases in which the liquid signal
persists, or a higher SNR is required. This method uses two images which are captured tens
of nanoseconds apart to isolate the vapor signal. The early image is captured at t = 0 ns and
serves to locate the liquid signal while the later image allows time for the liquid
fluorescence intensity to decay closer to the order of the vapor signal. Using our knowledge
of the relative phase lifetimes, the liquid signal could be subtracted from the later image to
isolate the vapor signal. This method is discussed and demonstrated in the following
section.

Liquid Phase Subtraction Method
In cases where the liquid signal persists for late time delays, or a higher signal-tonoise ratio is required, a modification of the temporal filtering technique offers an ability
to better isolate the fluid phases. For this approach, a two-camera setup was required to
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capture images separated by several nanoseconds. The magnification was matched and the
cameras were aligned using a calibration target that is used for an image matching routine.
During spray imaging, camera 1 captures an image immediately after the laser pulse (t =
0ns) and predominantly represents the liquid phase distribution. Halation effects in regions
near the drop surface are significant and could be confused as vapor in this image. These
effects could be detected up to 10 drop diameters away from the drop surface and are
discussed further in [2, 3]. Camera 2 captures an image several nanoseconds later and sees
the effects of halation suppressed and the liquid signal decay closer to the vapor phase
intensity. An operation is then performed in which the first image is used to subtract the
liquid phase signal from the later image. Two calibrations are required for this approach.
The first is to capture simultaneous images using both cameras at 0ns time delay. Using
these images, a ratio of signal intensities observed by the two cameras could be obtained
for the same fluorescence event. This factor accounts for differences in gain as well as
quantum efficiencies of the two cameras. The second calibration required is to determine
the fuel liquid lifetime as observed by camera 2. Prior to processing, the background offset
is subtracted from both images. A modified version of the drop detection MATLAB script
described in 3.1.2.2 was then used to perform the subtraction operation only on the regions
identified to contain drops. Once a drop region is identified, the corresponding submatrices
containing the drop in both images are pulled to perform the subtraction. A 2-D Gaussian
filter is applied to both matrices before the following operation is used to yield the corrected
image, Ic,
"#
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where I1 and I2 are the corresponding regions containing a drop from camera 1 and camera
2, respectively. # is a constant to correct for camera gain and quantum efficiency obtained
from the first calibration described above. !' is the liquid lifetime obtained from the second
calibration and t is the time delay in image capture between image 1 and image 2. BL
represents the local background of the drop and is obtained from averaging the pixel values
in a region near the drop. Subtracting BL is necessary for cases in which the measurement
volume contains both fluid phases. In those cases, the liquid signal is represented by the
difference in intensity of the total measured value and the surrounding vapor assuming a
uniform local vapor distribution. In the case that the measurement volume contains only
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liquid, the mean of the local background is insignificant compared to the liquid intensity
and subtracting BL leaves the liquid signal value virtually unchanged.
3.5.1

Jet-A Droplet Subtraction Demonstration
A demonstration of the liquid phase subtraction method described above was

completed using 95±7 µm Jet-A drops supplied from a droplet generator. The drops flowed
through a Jet-A and nitrogen gas co-flow at 280°C. The syringe pump described in 2.3.3
was used to supply the fuel into the vaporizer to a create a Jet-A concentration of 49000
ppm. This test utilized a three-camera setup. The ICCD cameras previously described were
timed to acquire images separated by 20ns. These cameras were dot chart calibrated so that
an image correction routine could later be used to match the images. The PointGrey camera
was placed at an angle to simultaneously acquire shadowgraphs for drop sizing using a
microscopic lens as shown in Figure 19.

Figure 19. Experimental setup used for Jet-A droplet subtraction demonstration. Image
insets show the laser sheet profile and dot chart calibration target used for image matching.
The optical setup was also altered for this demonstration to form a more uniform
laser sheet. A 150 mm UVFS cylindrical lens was used to form a sheet onto a 1500 grit
UVFS ground glass diffuser. The fine grain of this diffuser breaks up any structure in the

44
original beam, creating a diffuse sheet on the output side. A 2” diameter, 200 mm planoconvex lens was then used to focus the laser sheet at the flow region. This resulted in a 2
mm wide, uniform sheet. The profile of this sheet was captured directly using a Newport
LBP2-HR-Vis2 beam profiler and is shown in Figure 19. Creating a wide, uniform laser
sheet was advantageous because it allows for slight movements of the droplets within the
sheet without causing a strong variation in fluorescence signal intensity. The droplet
generator was mounted onto a translation stage and the drop stream was centered with
respect to the laser sheet to improve signal consistency from shot to shot. The images
captured from the two ICCD cameras were matched using an input of the dot chart
calibration images into LaVision DaVis 8, an image processing software package. DaVis
creates a mapping using the calibration target images (see Figure 19) that can rotate,
translate, expand, and crop images from the two cameras to better match one another. The
corrected images are shown in Figure 20 along with the corresponding shadowgraph used
to obtain the drop size.

Figure 20. Jet-A fluorescence images shown at 0ns and 20ns. An inset image showing the
shadowgraph for the regions marked is also displayed.
These images are then input into a script that performs the subtraction operation in
equation 5. The script must first identify the corresponding drops in each image. To

45
facilitate this process, it was necessary to first apply a gaussian filter (σ = 2). This is because
the script searches for local maxima to find the center of a drop and hot pixels in the vapor
region could be confused as a drop. However, applying this filter reduces the resolution in
the image. The Modulation Transfer Function (MTF) of the imaging system used for vapor
(Camera 2) and the PointGrey camera was determined using the Air Force Resolution Test
Target shown in Figure 21.

Figure 21. (a) Resolution target image for Camera 2. (b) Resolution target image for
PointGrey camera with microscopic lens. The magnified portion of the PointGrey image
shows some of the finer line patterns.
The PointGrey camera was used for drop sizing in cases involving the droplet
generator. The blue box in the magnified image in Figure 21b indicates the line pattern for
group 7, element 1. The line pairs for this element have a spatial frequency of 128 lines/mm
and a line width of 3.91 μm as specified by the manufacturer. Using these images, the MTF
was calculated and plotted in Figure 22.
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Figure 22. (a) MTF for Camera 2 with and without a gaussian smoothing filter applied. (b)
MTF for PointGrey camera with microscopic lens.
The MTF for the PointGrey camera falls to 10% for a line separation of 7.8 μm
(Group 7, Element 1 in Figure 21b). This was used for sizing drops on the order of 100 μm
and is deemed sufficiently capable based on these results. The effects of the gaussian filter
on camera 2 vary from a 6% reduction in the calculated MTF at 2 lines/mm to a 58%
reduction for a spatial frequency of 5.66 lines/mm. Applying the methods above and
equation 5 to the images in Figure 20 yields an image with the liquid signal removed and
the vapor signal preserved as shown in Figure 23c.

Figure 23. (a) Image captured by camera 1 at t = 0 ns. (b) Image captured by camera 2 at
20 ns. (c) Image with equation 5 applied to remove liquid signal.
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The operation works well to remove the liquid signal in regions of all types. The right
side of the image represents a case with lower vapor concentration, the middle represents
a region of higher concentration, and the left side is outside of the vapor jet. The liquid
signal in all three regions was subtracted successfully. The regions from which the drops
were removed blend in to the surroundings because the space occupied by the 95 μm drops
in the 2 mm wide, vapor-filled measurement volume is negligible. The SNR of the signal
in the uniform vapor region is over 15 in the corrected image. Using a two-camera setup
and an operation based on knowledge of the liquid-phase fluorescence lifetime, this
demonstration successfully demonstrated the use of temporal filtering on a multiphase JetA flow field. A modification of this process using an unresolved case is shown in Appendix
B.

High-Speed Imaging
A series of tests were carried out to demonstrate the feasibility of temporal filtering
for high speed imaging applications. A Photron FastCam SAZ was coupled with a
LaVision High-Speed IRO intensifier for this experimental setup. The use of the IRO
enables the camera to detect signals in the UV region of the spectrum. The HS IRO has a
minimum gate width of 100 ns. While this is still useful for imaging, it is long relative to
the typical fluorescence lifetimes of the materials used which are on the order of tens of
nanoseconds. The same time-delay image capture method previously described for the
ICCD camera was again used here to create a profile of the fluorescence decay. Figure 24
shows a comparison of the fluorescence lifetime obtained for liquid Jet-A under nitrogen
co-flow for four different detectors. The data shown are the fitted exponential decay curves
and each set has been normalized by its peak intensity. The FastCam/IRO combination
shows a lifetime of 53.2 ns which is significantly longer than the results for all other
detectors used. Ideally, a longer time gate should increase the intensity of the signal
uniformly, but the lifetime is simply the rate of decay and should be unaltered.
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Figure 24. Liquid Jet-A fluorescence lifetime under nitrogen gas co-flow using four
different detectors.
To further test this issue, the optical output of the IRO was focused onto a PMT. A
cuvette filled with acetone was placed in front of the IRO and excited to fluoresce using
the pulse-burst laser. The same 266 nm long-pass and 532 nm notch filters described
previously were used to block scattered light from the laser. A photodiode was used to
detect the laser pulse for timing purposes. The time traces of the PMT response, laser pulse,
and IRO gate indicator were recorded using an oscilloscope and are shown in Figure 25.
Based on the results for acetone shown in Table 2 the signal lifetime is known to be on the
order of 3-4 ns. However, the PMT detected a signal that lasted over 200 ns indicating that
the observed profile is likely the decay of the intensifier phosphor plates rather than the
intended fluid sample fluorescence.
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Figure 25. Time traces of PMT response, laser pulse, and IRO gate indicator.
This observation indicates that this imaging system cannot reliably be used for fuel
liquid-vapor lifetime characterization. Nevertheless, the ‘apparent’ lifetime of the vapor
phase is still longer than the apparent lifetime of the liquid phase which enables the
application of temporal filtering to the high-speed imaging system. As a demonstration of
this application, a series of tests were conducted using 195±7 μm Jet-A drops flowing
through a vapor jet supplied by the vaporizer flow system. The Photron FastCam SAZ and
LaVision IRO were used to image at 10k Hz with the laser operating at the same repetition
rate. The time-delay image acquisition described previously using the ICCD camera was
repeated for these tests. Figure 26 shows sample images acquired for Jet-A at 0, 60, and 80
ns after the laser pulse.
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Figure 26. Jet-A image samples from three separate imaging runs shown at 0, 60, and 80
ns after the laser pulse.
The ratio of liquid to vapor intensity is 6.2 at 0 ns and falls to 1.6 at a delay of 60 ns,
which indicates that the fluorescence decay rate for liquid is significantly faster than that
of vapor. No cross-over point in which the vapor phase begins to dominate was observed
as in Figure 17. This is likely due to the use of a monodisperse drop stream that is about
13 times the size of the mean drop diameter generated by the air atomizing nozzle used for
the Jet-A demonstration discussed in 3.4.3. The data presented here does however lead to
the conclusion that this technique could be applied using a two-camera setup to subtract
the liquid phase out of the time-delayed image as discussed in 3.5.

Temporal Filtering Applied to Exciplex Tracers
As discussed in 1.3, exciplex tracers use a mixture of a monomer, M, and ground
state molecule, G, seeded into a carrier fuel. Due to interactions between these molecules,
the fluorescence of the liquid phase is red shifted with respect to the vapor phase making
the use of these tracers attractive in liquid-vapor spray measurements. However, one of the
drawbacks of exciplex tracers is a phenomenon known as crosstalk which causes erroneous
readings on the vapor-imaging camera (See 1.3). Due to crosstalk, the vapor signal cannot
be fully isolated using optical filters alone. This is usually corrected using a subtraction of
a percentage of the liquid phase signal that is determined to be crosstalk from the vapor
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images [5, 8, 25]. The exciplex fluorescence emission spectrum has been documented to
vary with temperature, indicating that an additional calibration must be conducted to
correct for crosstalk variation with increasing temperature [5]. The work conducted in this
study focused on a mixture using fluorobenzene as the monomer and N,NDiethylmethylamine (DEMA) as the ground state molecule. Although the concentration of
G is typically provided in excess, a percentage of the monomer remains uncombined in
practice [5]. Ghandi presented a mixture of 0.5% fluorobenzene, 9% DEMA, and 90.5%
hexane. This reduces crosstalk by driving the reaction in equation (1) in section 1.3 to the
right at the expense of the vapor signal intensity [26]. The work presented by Duwell
increased the fluorobenzene concentration to 2% to improve the vapor phase-signal [5].
The test results presented here used various concentrations of DEMA and fluorobenzene
which are shown in Table 4 where the *+, ratio is the proportion of DEMA to
fluorobenzene by volume.

Table 4. Exciplex system concentrations used in this study.
% by Vol.

D/F = 6.5 D/F = 4.5 D/F = 2

D/F = 1

Fluorobenzene

1.3%

2%

3.33%

5%

DEMA

8.4%

9%

6.66%

5%

Hexane

89%

89%

90%

90%

The same experimental setup described in testing real fuels was again utilized with
slight modifications. The imaging systems and filters used for exciplex fluorescence
imaging are shown in Table 5. A PI-Max 4 1024i ICCD camera was used for crosstalk and
vapor phase measurements while an Andor iStar ICCD camera was used for liquid phase
visualization.
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Table 5. Liquid and vapor imaging systems and filters.
Phase
(em)

Vapor (280nm)

Liquid (365nm)

Camera

PI-Max 4 1024i ICCD

Andor iStar ICCD

Lens

Nikkor UV F4.5

Noct-Nikkor F1.2

Filter 1

266 long-pass
OD>6 (217-266nm)

266 long-pass
OD>6 (217-266nm)

Filter 2

300nm short-pass
OD>3 (300-650nm)

N/A

The PI-Max camera was also used in combination with a Princeton Instruments
Acton 2500i Spectrometer for emission spectra characterization. Due to the wide peaks of
the emission, several frames were captured for each spectrum using a 300 g/mm grating
that were later combined in post-processing. The segments of the spectrum were scaled by
up to 10% to match their profiles across each frame. Figure 27 shows the emission spectra
for the liquid and vapor phases as well as the transmittance of the filters used. A Semrock
266 nm long-pass filter was used in call cases to absorb laser scattering. The liquid spectra
show two peaks; one centered at 365 nm and another centered at 280 nm. The lower
wavelength emission is due to uncombined fluorobenzene while the redshifted peak is
caused by the emission of the exciplex molecule. The vapor phase emission is due to the
monomer alone and is centered at 285nm. A Semrock 300nm short-pass filter was used to
block liquid phase emission from the vapor camera during two-phase flow imaging.
However, a significant portion of the liquid phase emission is transmitted through the filter
due to spectral overlap between the two fluid phases and the uncombined monomer
emission in the liquid. The peak centered at about 365nm rises with increasing DEMA to
fluorobenzene ratio due to a higher probability of forming exciplex molecules.
Correspondingly, the 280 nm peak drops causing a lower crosstalk signal. However,
increasing the *+,-ratio while holding the hexane percentage constant will decrease the
vapor phase signal intensity. The liquid-vapor spectra presented here are in close agreement
with that presented by Wieske [27].
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Figure 27. Liquid-Vapor fluorescence spectrum for D/F of 4.5 and 6.5. Filter
transmittance data from the filter manufacturer is also plotted with the y-axis to the right
of the plot.

Several tests were carried out to characterize the behavior of the crosstalk signal
with increasing time delay. This signal was defined as the fluorescence observed by the
vapor camera from a liquid flow at room temperature through 266 nm long-pass and 300
nm short-pass filters (See Figure 27). Neutral density filters were used to maintain more
intense signals below the pixel saturation point of the camera and corrections were made
in post-processing to allow direct comparison from case to case. Using this method, the
crosstalk signal decay profile was determined for three mixtures. To construct these curves,
a series of time-delayed images were obtained while using a 5 ns camera gate width. A
time of 0ns is defined as the gate opening with the arrival of the laser pulse. Five images
were obtained for each time delay. Up to five drops from a uniform region of the laser sheet
were averaged into a single value for all frames of each time increment and plotted in
Figure 28.
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Figure 28. Crosstalk decay profile for various concentrations.

The error shown is the standard deviation of the average values from the five frames
for each time delay. One significant source of error for these tests is jitter in the timing of
the camera relative to the laser pulse. A shifting of about 1ns in the timing of the imaging
system was noted during testing. This is much less important at later time delays but can
cause significant signal fluctuation when imaging near t = 0 ns. The crosstalk signal for all
three cases falls to below 0.5% of the peak intensity at about 6 ns. The signal for D/F 1 and
2 falls to the standard deviation of the noise 9ns after the laser pulse. This is a promising
result because it suggests that the D/F ratio of the mixture can be decreased to boost the
vapor signal without suffering from an increased crosstalk signal. Imaging without the
short-pass filter yields the portion of the signal observed by the liquid camera combined
with the crosstalk signal. To correct for this, the crosstalk intensity was subtracted from
these images to yield the liquid signal alone, as would be measured by a liquid-observing
camera (Figure 29)
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Figure 29. Liquid signal decay profile for various concentrations.
The liquid signal has the opposite response and decreases for a lower D/F ratio.
However, the liquid phase signal is typically much stronger than the vapor signal due to a
higher number density and this reduction in signal intensity could be compensated for with
higher camera gain if needed. The two mixtures with a stronger crosstalk signal, *+, of 1
and 2, were chosen for further study as they represent a worst-case for this phenomenon.
The vapor signal decay profile for these mixtures was determined using the same timedelay image capture method reported above. For these tests, a saturated vapor in nitrogen
flow was supplied at 125°C for imaging from a custom-built vaporizer system.

Figure 30. Vapor signal decay profile completed under a nitrogen co-flow. A biexponential fit is shown for each concentration. The vapor intensity falls to near the
standard deviation of the noise 180ns after the laser pulse for both cases.
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Exciplex tracers have been documented to be heavily quenched by air and hence a
nitrogen co-flow is required. The results show that the vapor signal in air in both cases fell
to the order of the noise in 9 ns as shown in Figure 30. Wieske reports that the fluorescence
intensity of fluorobenzene decreases by over 90% for a mole fraction of 4% oxygen [8].
However, the requirement of a nitrogen environment is not detrimental if the measurement
objective is to obtain liquid-vapor mass distributions in the spray. The data for both
concentrations using a nitrogen co-flow is shown along with a bi-exponential curve-fit. The
vapor signal increases correspondingly with an increase in the percentage of fluorobenzene
in the mixture. Also, it is evident from comparing Figure 28 and Figure 30 that the vapor
signal is initially an order of magnitude weaker than the crosstalk and liquid signals. A
vapor-imaging camera would thus require a correction to account for the crosstalk if the
time gate encompasses the laser pulse. An optimal time could be determined for the delay
of the vapor camera relative to the laser pulse by comparing the ratio of the intensity of the
crosstalk and vapor signals as shown in Figure 31.

Figure 31. Crosstalk to vapor intensity ratio for D/F = 1 and 2. Sample images of the
crosstalk signal for D/F of 1 are also shown at 0, 6 and 9ns.
At 6 ns after the laser pulse, crosstalk falls to about 2% and 1% of the vapor signal
intensity for D/F of 1 and 2, respectively. At 9 s crosstalk has fallen to the standard
deviation of the noise while the vapor signal has fallen to 36% and 47% of the initial
intensity over that same period for *+, of 1 and 2, respectively. Using this information, a
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demonstration using temporal filtering applied to drops flowing from right to left through
a 125°C vertical nitrogen jet was completed and is shown in Figure 32.

Figure 32. Demonstration of combined temporal and spectral filtering on uniform
evaporating drops. Image pair (a) and (b) are taken simultaneously and significant
crosstalk can be seen in (b). Image (d) was taken 9ns after (c) showing that the crosstalk
was eliminated.
The drops begin to evaporate and leave behind vapor streaks. Image pair (a) and
(b) are captured simultaneously on separate cameras and evidence of crosstalk can be seen
in (b). The peak pixel value in the drops in image (b) is over 35000 counts, but the images
shown in the figure use the same scale to directly compare the results. In the second image
pair, (d) is captured 9 ns after image (c) and shows that crosstalk has been eliminated. This
assertion is supported by the data presented in Figure 28 showing that crosstalk is
eliminated using 9ns time delay for D/F of 1. Although the vapor signal decreases when
using time delay to eliminate crosstalk, a signal-to-noise ratio of 10 is maintained in the
vapor region in image (d) of Figure 32. These results show that a combination of temporal
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and spectral filtering has proven to be effective in eliminating crosstalk without the need
for a temperature-dependent correction. 9 ns after the laser pulse, the crosstalk was found
to decay to 0.1% of the peak intensity for D/F of 4.5 and to the order of the noise for the
other concentrations. Temporal filtering offers a simple and reliable answer to crosstalk in
exciplex tracers.
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4. CONCLUSION

This experimental work demonstrates the use of temporal filtering as a viable approach
to liquid-vapor imaging. Temporal filtering addresses the discrepancy in initial intensity of
the liquid and vapor fluorescence emissions by taking advantage of the difference in their
respective signal lifetimes. A versatile experimental setup was created to perform a variety
of tests using real fuels such as toluene, Jet-A, and JP-10 seeded with 1-MN. The absorption
and emission spectra for the fuels tested were determined using commercial spectrometers
and the fluorescence lifetimes was characterized using a PMT as well as an ICCD camera.
Due to collisional quenching, the liquid lifetime was found to be shorter than the vapor
lifetime for all materials tested. Inspecting the signal lifetime provides insight into the delay
required for temporal filtering to be effective. Taking Jet-A as an example, the liquid
lifetime was found to be 15.88 ns while the vapor signal fit to a bi-exponential function
with short and long lifetime components of 17.8 ns and 132.5 ns, respectively. As expected,
a delay greater than the liquid lifetime is required for vapor dominance and the test results
presented in 3.4.3 show this cross-over point in the decay curves at 23 ns after the laser
pulse. The performance of this technique may be further improved in practical use for
sprays with a smaller mean drop diameter. The fluorescence signal scales cubically with
diameter meaning that smaller drops would have a significantly weaker initial intensity,
which improves phase separation over time. One drawback is that although the vapor signal
was found to consistently dominate at delayed times, the liquid signal was not typically
eliminated completely. For cases in which the liquid signal was eliminated, the SNR for
the vapor signal dropped considerably. As a solution to this problem, a droplet subtraction
method was presented to remove the liquid signal while preserving vapor information. This
method requires a two-camera setup and can isolate the two phases at shorter delays after
the laser pulse meaning that a higher SNR could be obtained.
Temporal filtering was also applied to exciplex tracers mixed into hexane. It was
shown that cross-talk, one of the drawbacks of exciplex tracers that arises due to an overlap
in the liquid and vapor emissions, could be eliminated using temporal filtering. The
emission spectrum was determined for vapor and liquid using two different concentrations
and the cross-talk behavior over time was quantified for three tracer concentrations. A
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mixture of 2% fluorobenzene and 9% DEMA is common in recent literature as it provides
a compromise between vapor signal intensity and exacerbated cross-talk due to
uncombined fluorobenzene in the liquid phase. Lowering the DEMA to fluorobenzene ratio
while holding the fuel percentage constant improves the vapor signal at the cost of
increased cross-talk. The results from this study shown that even for a mixture of 5%
fluorobenzene and 5% DEMA, the cross-talk signal falls to 0.5% of the peak intensity 6ns
after the laser pulse and to the order of the noise 9 ns after the laser pulse. Imaging vapor
using these time delays eliminates the need for a temperature-dependent cross-talk
correction through a simple change in the timing of the detectors. A demonstration using
evaporating drops was performed showing complete separation of the liquid and vapor
phases through the application of temporal filtering. The combination of spectral and
temporal filtering was found to be the most reliable and simple approach to liquid-vapor
imaging. Once temporal filtering is applied to eliminate cross-talk, the main drawback that
remains is the compatibility of the tracers with the fuel. The tracers used must be miscible
and co-evaporative with the host fuel. Tracers that evaporate prematurely will cause
erroneously high vapor concentration measurements, and vice versa. Also, it may prove
difficult to find a suitable combination of exciplex tracers that exhibit co-evaporation, are
miscible with the fuel of interest, and have sufficiently spectrally separated emissions to
enable effective optical filtering of the two signals. However, once a suitable tracer
combination is found the application of this technique is reliable and relatively simple. For
cases where the use of tracers is not an option, temporal filtering may be used along with
a droplet subtraction algorithm to separate the two phases.
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5. FUTURE WORK

There are several paths for this work to continue in the development of the temporal
filtering technique. The relative lifetime of the liquid and vapor phases varies based on the
molecular composition of the fuel of interest. For this reason, similar experiments to the
work conducted here are planned using other materials such as diesel fuel. For fuels in
which the discrepancy in fluorescence lifetime of the two phases is insufficient, a droplet
subtraction method may be required. The droplet subtraction method presented here
worked well for a case in which the droplet signal is resolved. This meant that a local
background could be determined for use in equation 5. For a case in which the drop size is
smaller than a pixel, the local background cannot be directly calculated. An unresolved
droplet subtraction method is presented in Appendix B to address this issue by using the
apparent lifetime between the two frames to infer the liquid and vapor contribution. This
method showed partial success due to low vapor signals in portions of the image. More
advanced stages of development of the temporal filtering technique would include study at
conditions more representative of a fuel spray environment. A high-pressure environment
may reduce the advantage of the vapor phase signal in terms of lifetime due to increased
collisional quenching. Therefore, the characterization of the vapor phase fluorescence
lifetime pressure dependence is important to the application of this technique. Increased
temperatures have also been documented to decrease the fluorescence lifetime of the vapor
phase [28]. Further study is required to quantify this effect for real fuels and determine its
impact on the temporal filtering technique. A realistic spray environment will also exhibit
multiple scattering effects in high drop density regions. SLIPI has been shown to reduce
these effects and is discussed in 1.5.2. This technique combined with temporal filtering
could obtain liquid-vapor information in a dense spray environment.
Further investigation into the use of temporal filtering on exciplex tracers is also
warranted. The work presented in this document characterized the cross-talk behavior over
time using a combination of DEMA and fluorobenzene in hexane. The same approach
could be applied to different tracers for potential use with other fuels. For example, a
combination of N,N,N′,N′-Tetramethyl-p-phenylenediamine dihydrochloride (TMPD) has
been used with naphthalene for study in Diesel fuel [4]. The excitation wavelength used in
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this case was 313 nm and the vapor and liquid emissions were centered at 380 nm and 470
nm, respectively [29]. Another combination is N,N-dimethylaniline (DMA) and
naphthalene in gasoline [29]. For this study, the excitation wavelength was 308 nm and
vapor and liquid emissions were centered at 335 nm and 410 nm, respectively [29].
Demonstrating temporal filtering using these tracers would provide additional capability
for liquid-vapor imaging using a wider range of fuels. Similarly to the undoped fuel case,
spray imaging at increased pressures using combined temporal and spectral filtering is
needed to better understand the performance of this technique.
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APPENDIX A. EXPERIMENTAL SETUP

Figure 33. CAD representation of experimental setup.

Figure 34. Photograph of flow interaction region in the experimental setup. The drop generator is
oriented to flow drops from right to left and the vapor nozzle supplies a vertical jet.
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APPENDIX B. UNRESOLVED DROPLET SUBTRACTION

The results shown in Section 3.5.1 are for a case in which the liquid drops are resolved. This allows
us to determine the true liquid signal by subtracting &' in equation 5 for the early time image. In
the case for which the liquid signal is unresolved each pixel could contain a contribution from the
liquid phase. Therefore, it would be impossible to determine the true liquid signal by subtracting
the adjacent pixels. To address this issue, a modification to the methods used in 3.5 was used to
infer the contribution from the liquid signal. The subtraction operation for the unresolved case was,
"#
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where ". and "$. are the images captured at 0ns and 20ns after the laser pulse, respectively. "# is
the corrected 20ns image, # is a correction factor to account for camera gain and quantum
efficiency differences, t is the 20ns time delay, and !' is the liquid lifetime. R is the fraction of the
initial signal that was contributed to by the vapor phase and is defined as,
0
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where "1 and "' are the initial vapor and liquid intensities in ". . The ratio, R, is determined from a
mapping of apparent lifetime of the combined liquid and vapor phase emissions. This mapping is
created by varying the initial intensities of the two phases through all possible values of R and
determining the lifetime of the combined decay rate of the two signals as shown below,
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where " ˆ is the combined liquid and vapor signal, !' is the liquid lifetime, and !1 is the vapor
lifetime. Using this equation for various ratios of "' and "1 , a mapping can be created to provide
the fraction of vapor signal based on the apparent lifetime calculated for a region from ". and "$.
as shown in Figure 35.
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Figure 35. Apparent lifetime mapping for Jet-A liquid and vapor.
For an R of 0, the apparent lifetime is the liquid lifetime, and conversely for R = 1 the
combined lifetime is equivalent to the vapor lifetime. In equation 6, an R of 1 would eliminate the
second term leading to no subtraction of the vapor signal from the delayed image. Using the results
presented earlier in 3.5.1, a simulated unresolved case was created by binning the resolved drop
images as shown in Figure 36. Recall that the raw images were processed using DaVis 8 and
MATLAB to rotate, stretch, compress, and crop images to match as seen in the figure when
comparing ". and "$. .

Figure 36. Binning process for resolved drop case to simulate an unresolved case.
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To create the unresolved case, all pixels within each 20x20 pixel square were averaged and the
resulting value was representative of the super-pixel as shown in the binned result for ". . The
advantage of simulating the unresolved case is that the resolved image can be referenced to test
the effectiveness of the subtraction operation. The apparent lifetime for each super-pixel was
calculated and R was determined from Figure 35. Applying equation 6 pixel by pixel to the binned
images, the corrected binned image was obtained as shown in Figure 37.

Figure 37. Binned images of the original data and the corrected binned image showing the liquid
phase subtracted.
The corrected image shows that the liquid signal has been effectively removed. However, the
regions of lower vapor signal intensity show a significant error in the subtraction process. Noise
fluctuations in these regions were significant enough to cause up to a 22% error in the low vapor
intensity regions. For example, a portion of the signal in the bottom-right region of "$. was
subtracted although there is no liquid present in that region. The error arises due to the incorrect
calculation of R in equation 6. An improvement on these results could be made by reducing the
time delay between image capture to improve the vapor signal. This may lead to a lower error in
the calculation of the apparent lifetime and preserve the vapor signal in regions of low vapor
concentration.
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